Only a few exoplanets are known to orbit around fast rotating stars. One of them is XO-6b, which orbits an F5V-type star. Shortly after the discovery, we started multicolor photometric and radial-velocity follow-up observations of XO-6b, using the telescopes of Astronomical Institute of the Slovak Academy of Sciences. Our main scientific goals were to better characterize the planetary system and to search for transit timing variations. We refined several planetary and orbital parameters. Based on our measurements, the planet XO-6b seems to be about 10% larger, which is, however, only about 2σ difference, but its orbit inclination angle, with respect to the plane of the sky, seems to be significantly smaller, than it was determined originally by the discoverers. In this case we found about 9.5σ difference. Moreover, we observed periodic transit timing variations of XO-6b with a semi-amplitude of about 14 min and with a period of about 450 days. There are two plausible explanations of such transit timing variations: (1) a third object in the system XO-6 causing light-time effect, or (2) resonant perturbations between the transiting planet XO-6b and another unknown low-mass planet in this system. From the O-C diagram we derived that the assumed third object in the system should have a stellar mass, therefore significant variations are expected in the radial-velocity measurements of XO-6. Since this is not the case, and since all attempts to fit radial velocities and O-C data simultaneously failed to provide a consistent solution, more realistic is the second explanation.
INTRODUCTION
Based on the on-line exoplanet catalogs 1 , more than 4120 confirmed exoplanets in 3063 planetary systems were discovered up to November 2019. The total census of transiting exoplanets is more than 2960 planets in 2223 planetary systems. Up to this date, the most successful transiting-exoplanet searcher is the Kepler space telescope (Borucki et al. 1996 (Borucki et al. , 2004 (Borucki et al. , 2011 (Borucki et al. ), launched in 2009 and decomissioned in 2018. The Kepler and K2 missions (Howell et al. 2014 ) together discovered 2734 confirmed transiting exoplanets. On the other hand, Kepler parent stars are relatively faint in general and, therefore, difficult for ground-based radial velocity (RV) follow-up observations. This is the reason, why other methods were used for confirmation of Kepler exoplanet candidates: for example, confirmation from induced variability (Shporer et al. 2011) , from multi-planet statistics (Lissauer et al. 2012) , or from imaging (Law et al. 2014) . This is also the reason, why the all-sky TESS mission (Ricker et al. 2014) , launched in 2018, and the planned CHEOPS mission (Broeg et al. 2013) , targeted bright stars.
To get true masses of the exoplanets via RV measurements (Mayor & Queloz 1995) we need planets transiting in front of bright stars. Interesting, but not surprising is the fact that the vast majority of these systems in the Kepler era was discovered not by the above mentioned Kepler and K2 missions, but by ground-based transit surveys, like HATNet (Bakos et al. 2009 ), SuperWASP (Street et al. 2003 ), or XO (McCullough et al. 2005 . For our follow-up observations, we selected the transiting exoplanet XO-6b, discovered recently by Crouzet et al. (2017) within the framework of the XO project, which started in 2005. In 2011, a new version of XO instrument was developed and installed at three observatories: (1) at Vermillion Cliffs Observatory in USA, (2) at Observatorio del Teide in Spain, and (3) at Observatori Astronómic del Montsec, also in Spain. Each XO observatory consists from two 10 cm diameter and 200 mm focal length Canon telephoto lenses, equipped with an Apogee E6 1024 × 1024 pixels CCD camera, mounted on a German-Equatorial Paramount ME mount. All six lenses and cameras operate in a network configuration, scanning the same segment of the sky. The XO project discovered six transiting exoplanets up to November 2019 (Crouzet 2018) , the last one is XO-6b, which orbits a relatively bright (V ≈ 10.2 mag), hot (T eff ≈ 6720 K), and fast rotating (v sin i ≈ 48 km s −1 ) parent star . Its equatorial coordinates are the following: R.A. 06:19:10.3604 and Dec. +73:49:39.602 (J2000.0). The mass of the star is M s = 1.50(3) M ⊙ and its radius is R s = 1.86(16) R ⊙ . The exoplanet XO-6b is also very interesting, since it is a transiting hot Jupiter with the mass of M p < 4.4 M Jup and the radius of R p = 2.07(22) R Jup on a prograde and misaligned orbit, with the λ = −20.7(2.3) deg, which is the sky-projected angle between the stellar spin axis and the planetary orbit axis. The orbital period of the planet, P orb = 3.765000(8) days, is longer than the rotation period of the parent star, P rot < 2.12 days (Crouzet et al. 2017) .
In 2017, shortly after the discovery, we started multicolor photometric and RV follow-up observations of the newly discovered transiting exoplanet XO-6b, with the main scientific goals to better characterize the planetary system and to search for transit timing variations (TTVs). Our motivations were the following: (1) As of November 2019, only discovery and initial follow-up observations published by Crouzet et al. (2017) are available. We decided to carry out an independent follow-up campaign, with the time-base of at least 1 year. (2) The discoverers (C17) noted that an extensive RV campaign would be necessary to measure the mass of the planet with greater confidence. Only the 3σ upper limit on planet's mass was derived up to now, which is 4.4 M Jup . The precision of RV measurements is negatively influenced by the large rotational velocity of the parent star.
(3) XO-6b is a planet, which orbits and transits a fast rotating parent star. Only a few similar exoplanets are known. (4) C17 found no evidence for TTVs. On the other hand, if we take a look at the O-C diagram of XO-6b transits, presented in the Exoplanet Transit Database 2 (ETD), this diagram shows clear TTVs (Poddaný et al. 2010) . The no detection of C17 can be due to the relatively short time span and not optimal time sampling of their observations, and/or higher uncertainties in their O-C values.
TTVs were identified only in the case of a few hot Jupiters. The suspected outer companions are planets and brown dwarfs, and in one example, a multi-planet system is suspected in the outskirts. In some cases, the outer companions are also known to exhibit their signal in the RV measurements, as well, while distant companions of other exoplanets are only known by RV solutions.
2 See http://var2.astro.cz/ETD/. Nascimbeni et al. (2013) observed a non-periodic TTV in WASP-3b transits with an unknown origin, while the likely explanations include a possible multi-planet outer system. Maciejewski et al. (2013) give a joint solution of photometric TTVs and RV measurements of the WASP-12 system, leading to a solution with a 0.1 M Jup mass exoplanet. Neveu-VanMalle et al. (2016) reports that RV measurements of WASP-47 is compatible with an outer companion of a similar mass than the transiting exoplanet, in the order of 1 M Jup . In the case of WASP-41, the scatter in RV fitting reduces to 1/10th of its value when adding a second planet to the fit, which is an evidence for an outer planet in WASP-41, as well. Dawson et al. (2012) give a solution to KOI-1747.01, concluding on an outer brown dwarf with a 24 M Jup mass. Knutson et al. (2014) reported that the second companion in three exoplanets, including HAT-P-13, are suspected brown dwarfs. WASP-8 is a double system, derived from the RV acceleration, with no mass solution for the "c" planet. Similarly, the outer companion of WASP-34b is likely a brown dwarf. Hartman et al. (2014) reported about an increased scatter of HAT-P-44 and HAT-P-46 that can be explained by a 2-planet fit and a possible 2-planet solution is also suggested to HAT-P-45, with less confidence based on the available data. Some known examples of TTVs has recently been debated. Seeliger et al. (2014) show that suspected TTVs in the transit O-C of HAT-P-32b can in fact be explained assuming only one planet, after improving the linear fit. Wang et al. (2018) show that observations of HAT-P-25b is also compatible to a single planet solution. These examples are, however, relatively rare to the number of known hot Jupiters, and because of this rarity, a bimodal formation of close planet systems has been suggested, see Sandford et al. (2019) and references therein. As possible outcomes, one major hot Jupiter alone, or several lower-mass planets on either close-in and/or more distant orbits. This model is successful in explaining the structure of the distribution of transiting planets and is compatible with the current understanding of planet formation, as well. However, each system, where a hot Jupiter is detected with an outer, especially planet-mass companion, is a challenge that has to be explained as an exception. This is why the characterization of the transiting planets and the TTV/RV measurements is a central question for all the known cases.
The paper is organized as follows. In Section 2 a brief introduction to instrumentation and data reduction is given. The follow-up photometry and spectroscopy is detailed in Section 3. The analysis of TTVs is described in Section 4. Our findings are summarized in Section 5.
INSTRUMENTATION, OBSERVATIONS, AND DATA REDUCTION
The follow-up observations were performed at Astronomical Institute of the Slovak Academy of Sciences 3 (AI SAS). The institute operates several telescopes at different observing stations. Our multicolor photometric observations were performed mainly at the Stará Lesná Observatory of AI SAS, Table 1 ), later the photometric detector was changed to an FLI PL-16803 4096×4096 pixels CCD camera. We alternated Johnson-Cousins B, V, R, and I filters during the observations (Bessell 2005) , and since the target star is relatively bright (V ≈ 10.2 mag), we applied quite short integrations of 20 sec, 20 sec, 10 sec, and 10 sec in B, V, R, and I passbands, respectively. We observed 11 individual transit events in total, but, unfortunately, we had to discard 3 photometric measurements during the analysis, due to the low data quality. The log of the remaining 8 multicolor photometric observations used in our analysis is given in Table 1 . The obtained photometric observations were reduced using the software package IRAF 4 . The reduction included dark and flat corrections, astrometric calibrations and differential photometry. We applied differential photometry in 2 modifications. As a first modification we applied differential photometry using a comparison star and a check star. For this method we selected the closest stars of similar brightness. We used the star 2MASS J06190411+7349116 as a comparison star, and the star 2MASS J06182685+7350022 as a check star. As a second modification we applied differential photometry using an artificial standard star as described by Broeg et al. (2005) . In this case, all stars in the field were used to create an artificial standard star, but the more photometrically stable stars were assigned higher weights. This artificial standard star was used to calculate the differential magnitudes of all objects, including XO-6. Finally, we compared the results from the first and the second modifications of differential photometry and selected the light curves with smaller scatter. Subsequently, we converted all time-stamps from Heliocentric Julian Date (HJD) to Barycentric Julian Date in Barycentric Dynamical Time (BJD TDB ), using the on-line applet HJD2BJD 5 (Eastman et al. 2010) . After the linear trend, due to the second-order extinction, was removed from the photometric data, we cleaned light curves from outlier data points. We used a 3σ clipping (where σ is the standard deviation of the light curve), according to effective cleaning, as well as in order to avoid cleaning in-transit points. Resulting individual light curves were used during the next analysis (See Sect. 3).
Spectroscopic observations and data reduction
Our spectroscopic observations were obtained between September 2018 and February 2019 at the Skalnaté Pleso Observatory, using the 1.3 m telescope (See Sect. 2.1), equipped with a fiber-fed echelle spectrograph of MUSI-COS design (Baudrand & Bohm 1992) . Its fiber injection and guiding unit (FIGU) is mounted in the second Nasmyth focus of the telescope. The FIGU is connected to the calibration unit (ThAr hollow cathode lamp, tungsten lamp, blue LED) in the control room and to the echelle spectrograph itself in the room below the dome, where the temperature is stable. The spectra were recorded by an Andor iKon-936 DZH 2048 × 2048 pixels CCD camera. The spectral range of the instrument is 4250 -7375Å in 56 echelle orders. The maximum resolution of the spectrograph reaches R ≈ 38 000 around 6000Å. The exposure time was 900 sec in all cases. Usually three raw spectra were obtained during an observing night and, subsequently, combined via IRAF task combine to increase the signal-to-noise ratio (SNR). Three 900-sec exposures correspond to about 0.27% of the orbital period, so the orbital-motion smearing of spectral lines is negligible.
The data were reduced using IRAF package tasks, Linux shell scripts, and FORTRAN programs similarly, as it was described in Pribulla et al. (2015) and in Garai et al. (2017) . In the first step, master dark frames were produced. In the second step, the photometric calibration of the frames was done using dark and flat-field frames. Bad pixels were cleaned using a bad pixel mask, and cosmic hits were removed using the program of Pych (2004) . Photometrically calibrated frames were combined to increase the SNR. Order positions were defined by fitting Chebyshev polynomials to tungsten lamp and blue LED spectrum. In the following step, scattered light was modeled and subtracted. Aperture spectra were then extracted for both object and ThAr frames, and then the resulting 2D spectra were dispersion-solved. Twodimensional spectra were finally combined to 1D spectra re- binned to 4250 -7375Å wavelength range with a 0.05 A step, i.e. about 2 -4 times the spectral resolution. Spectra were analyzed using the broadening function (BF) technique, developed by Rucinski (1992) , to get RVs. Because the formal RV uncertainties found using the BF approach are hard to quantify and depend on BF smoothing, they were determined from SNR as follows. First we determined RV uncertainties as 1/SNR (Hatzes et al. 2010 ). Subsequently, we fitted the RV observations with initial uncertainties using the code RMF, described in Sect. 3.2, and from the best fit we obtained reduced χ 2 ( χ 2 red ). In the next step, we rescaled all uncertainties to get χ 2 red = 1. SNR of the spectra can be obtained from the 1σ uncertainties as C/σ, where the scaling constant C was found to be 21.5664 km s −1 . Unfortunately, we had to discard several spectroscopic measurements due to problems with stability of the spectrograph. An overview of the remaining 7 RV values with uncertainties is shown in Table 2 . In these 7 cases, systematic errors caused by the spectrograph instability were on the level from 0.02 up to 0.1 km s −1 .
ANALYSIS OF FOLLOW-UP OBSERVATIONS OF THE XO-6 SYSTEM
Following our main scientific goals, we analyzed the multicolor photometric data and RV observations in 2 steps. As first, in Sect. 3.1, we analyzed the transits per passband. During the next step, in Sect. 3.2, we simultaneously analyzed all transits and RV observations. Here, we describe our analysis procedure. Our results will be presented and discussed, as well.
Analysis of transits per passband
As a first step we fitted the observed transits simultaneously in each passband, using the JKTEBOP 6 code (Southworth et al. 2004) , which is based on the former EBOP code (Popper & Etzel 1981 procedure 6 free parameters were adjusted, including the sum of fractional radii (R p + R s )/a, the planet-to-star radius ratio R p /R s , the orbit inclination angle of the planet i with respect to the plane of the sky, the orbital period of the planet P orb , the mid-transit time T c , and the light-scale factor L sf . The starting values of the parameters were taken from Crouzet et al. (2017) . Only the limb-darkening (LD) coefficients were fixed during the fitting procedure. We used the quadratic LD law. The corresponding coefficients were linearly interpolated based on the stellar parameters of T eff = 6720 K, log g = 4.04 (cgs), and Fe/H = −0.07 (Crouzet et al. 2017) for B, V, R, or I passband, using the on-line applet EXOFAST -Quadratic Limb Darkening 7 , which is based on the IDL-routine QUADLD (Eastman et al. 2013 ). This software interpolates the Claret & Bloemen (2011) quadratic limb-darkening tables. To estimate the uncertainties in the fitted parameters we used the JKTEBOP-task No. 8, which executes Monte-Carlo simulations. This finds the best fit and then uses Monte-Carlo simulations to estimate the uncertainties in the parameters. The best fitting model is reevaluated at the phases of the actual observations. Gaussian simulated observational noise is added, and the result is refitted. This process is repeated, and the range in parameter values found gives the uncertainty in that parameter. To obtain final results we produced 10 000 random data realizations.
The JKTEBOP best-fit parameters calculated for the B, V, R, and I passbands are summarized in Table 3 separately and the corresponding phase-folded transit light curves of XO-6b, overplotted with the JKTEBOP best-fit models are shown in Fig. 1 . Crouzet et al. (2017) published 3 parameters obtained in B, V, R, and I passbands: the normalized semi-major axis a/R s , the planet-to-star radius ratio R p /R s , and the orbit inclination angle i. Since the JKTEBOP code calculates the sum of fractional radii (R p + R s )/a instead of the normalized semi-major axis a/R s , we cannot directly compare these parameter values. On the other hand, we can compare the planet-to-star radius ratio and the orbit inclination angle. Table 3 shows the discussed parameter values, obtained by C17, as well. We can see that the precision of the parameter values is similar. If we compare parameter values obtained for R p /R s and for i, presented by Crouzet et al. (2017) and from this work, we can conclude that there is more than 3σ difference in the case of the planet-to-star radius ratio in the R and I passbans, and in the case of the orbit inclination angle in all passbands. Based on our photometric data, the planet XO-6b seems to be larger in the R and I passbands and its orbit inclination angle seems to be smaller than it was determined originally by C17.
Since this difference is interesting, we checked our results by reproducing the best-fit models, obtained by Crouzet et al. (2017) . For this purpose we used the corresponding best-fit parameters, published by C17. The parameter (R p + R s )/a was calculated from the parameters a/R s and R p /R s , and the quadratic LD coefficients were calculated based on the stellar parameters of T eff = 6720 K, log g = 4.036 (cgs), m/H = 0.0, and V micro = 2 km s −1 , using the JKTLD 8 code (Southworth 2015) identically as per Table 3 . An overview of JKTEBOP best-fit parameters. Lines marked with a * are parameter values presented by Crouzet et al. (2017) , which were listed only for easier comparison with the corresponding values from this work. The weighted averages were calculated with weights of 1/σ 2 , where σ is the uncertainty in each passband. (8) 0.146 (7) 0.149 (9) 0.148(4) * a/R s 9.2(4) 9.0(3) 9.0(4) 9.4(3) 9.20 ( Crouzet et al. (2017) . We reproduced the best-fit models of C17 with the JKTEBOP-task No. 2, which calculates a synthetic light curve (10 000 points between phases 0 and 1) using the parameters in the input file. These synthetic light curves were re-plotted onto the Fig. 1 . We can clearly see that these best-fit models do not fit our new observations properly: in the cases of passbands B and V, only the transit depth is fitted well, while in the cases of passbands R and I, the fit is completely inadequate, which is in agreement with the more than 3σ difference in the parameter R p /R s in these passbands.
The more than 3σ difference in the orbit inclination angle can be due to a long-term change in this parameter and it can be related to TTVs in the system (See Sect. 4). We tested the possibility of a long-term change in the orbit inclination angle by splitting our observations in R passband into 2 parts. The first part contains our observations from the year 2017 and the second part our remaining observations (See Table 1 ). There is a time-gap of about 3/4 year between the first and the second dataset. We fitted these datasets independently using the JKTEBOP code (Fig.  2) . During the fitting procedure only the orbit inclination angle parameter i was freely adjusted, other parameters were fixed to the best values, obtained during the previous fitting procedure in R passband (See Table 3 ). As a result, we obtained i = 84.8(4) and i = 84.6(2) deg for the first and the second dataset, respectively, which means that there is no long-term change in the orbit inclination angle, or it needs more precise photometric data, or it appears on a longer time scale only. Since our observations were collected during 2 years, such a time scale can be more than 2 years. Observations of C17 and our observations together were obtained during 5 years, so we cannot rule out the possibility that the mentioned difference in the orbit inclination angle derived in this work and by C17 due to a long-term change. Another possibility is a degeneracy between the parameters R p /R s and i. Since C17 derived a smaller planet size with a larger orbit inclination value, and we got a larger planet size with a smaller orbit inclination value (see and compare corresponding weighted average values in Table 3 ), this scenario is also possible. During this analysis, based on the mentioned 2 datasets in R passband, we found no evidence for long-term Transit Duration Variations (TDVs).
Simultaneous analysis of transits and RV measurements
As a next step, we fitted all observed transits and RV measurements simultaneously. Since the JKTEBOP code cannot fit light curves in 4 passbands simultaneously with RV measurements, we developed an own code, called RMF (Roche ModiFied), where the fitted parameters are simultaneously calculated from multicolor photometric and spectroscopic data. The software was prepared based on the ROCHE code, which is devoted to the modeling of multi-dataset observations of close eclipsing binary stars, such as radial velocities, multicolor light curves, and broadening functions (Pribulla 2004 (Pribulla , 2012 . During this analysis we used all 8 transits in all passbands simultaneously, our 7 RV measurements, and we also adopted 13 RV values presented by Crouzet et al. (2017) , which were obtained outside the transit, to better cover the orbital phase with observations. The latter RV observations were obtained between September 2013 and January 2016 with the SOPHIE spectrograph at the Observatoire de Haute-Provence (OHP) in France. SOPHIE is a cross-dispersed, fibre-fed echelle spectrograph, mounted on the 1.93 m telescope at OHP, which can operate in two observation modes: in high-efficiency mode (R = 39 000) to favor high throughput, or in high-resolution mode (R = 75 000) to favor better precision. SOPHIE covers the spectral range 3870 -6940Å (Perruchot et al. 2008; Bouchy et al. 2009 ). Since the RV measurements, published by C17, had an offset in comparison with our RV values (See Sect. 4 and Fig.  6 ), we shifted systemic radial velocities γ to zero km s −1 , by adjusting only the systemic RV parameter in the RMF code. Up to 3 iteration steps were sufficient for our purposes. In this way we could combine our and the adopted RV values. An overview of the shifted 20 RV values are presented in Table 4 . During the fitting procedure, we freely adjusted the same 6 free parameters as in Sect. 3.1, except the sum of fractional radii, because the code RMF uses the normalized star radius R s /a, instead of (R p + R s )/a. In addition, for the spectroscopic measurements, we set free the RV semiamplitude K and the systemic radial velocity γ. Based on the results of C17, we assumed circular orbit, therefore we fixed the numerical eccentricity e to zero and the periastron longitude ω to 90 deg. The LD coefficients were also fixed during the fitting procedure, and in this case we used the 4-parameter LD formula and the critical-foreshortening- Figure 1 . The phase-folded transit light curves of XO-6b in the B, V, R, and I passbands for all nights and telescopes combined (Observations), overplotted with the JKTEBOP best-fit model (red lines). We binned the data points only for better visualisation of the transit shape, but we fitted individual data points. The reproduced best-fit models, obtained by C17, are also shown (blue lines).
angle approach (Claret 2018) . The coefficients (a 1 , a 2 , a 3 , a 4 , and µ cri ) were calculated for the B, V, R, and I passbands by A. Claret (personal communication 9 ), using the same spherical PHOENIX-COND models as in Claret (2018) . Subsequently, we selected the coefficients for the stellar parameters of T eff = 6700 K, log g = 4.0 (cgs), and m/H = 0.0, which very well correspond to the parent star XO-6. The uncertainties in the fitted parameters were determined based on covariance matrix. The RMF best-fit parameters are comparatively summarized in Table 5 . The corresponding phasefolded transit light curves of XO-6b, overplotted with the RMF best-fit models are shown in Fig. 3 , and the RV measurements of XO-6 with the best-fit spectroscopic-orbit model is presented in Fig. 4 . From Table 5 we can see that in comparison with C17, we derived the parameter values with better accuracy in the cases of the planet-to-star radius ratio R p /R s , orbital period of the planet P orb , and in the case of the RV semi-amplitude 9 E-mail: claret@iaa.es.
K.
These parameter values are in good agreement within 3σ, including the parameter values for R p /R s , previously discrepant in the R and I passbands (See Sect. 3.1). The reason is not a radical change in our best-fit estimate, but the relatively large uncertainty in the parameter R p /R s , obtained by C17 (in comparison with the values presented in Table  3 ). Based on our measurements, the planet XO-6b seems to be about 10% larger, which is, however, only about 2σ difference. Furthermore, we derived the orbit inclination angle i with the same uncertainty as per Crouzet et al. (2017) . On the other hand, we can calculate that there is about 9.5σ difference between our derived value of i, and the value of i presented in the discovery paper. This joint solution confirmed our previous results about the orbit inclination, obtained during the analysis of transits per passband -we can conclude again that based on our data, the orbit inclination angle of the planet XO-6b seems to be smaller than it was determined originally by C17. This difference can be due to a long-term change in the orbit inclination angle, visible on a longer time scale only, or, alternatively, it can be due to a degeneracy between the parameters R p /R s and i. An- Binned data Fits Figure 2 . Photometric observations of XO-6b transits in the R passband, splitted into 2 datasets, overplotted with the JKTEBOP best-fit model (black lines). We binned the data points only for better visualisation of the transit shape, but we fitted individual data points. The graph shows that there is no evidence for longterm TDVs, nor evidence for a long-term change in the orbit inclination angle i. 
TRANSIT TIMING VARIATIONS OF XO-6B
Transit timing observations turned out to be a crucial tool in the study of systems with known multiple transiting planets, see for example Holman & Murray (2005) ; Grimm et al. Crouzet et al. (2017) found no evidence for TTVs, we decided to investigate the possibility of changes in the timings of XO-6b transits. We were motivated by the O-C diagram, presented in the ETD, which shows clear TTVs 10 . Based on the data, presented in the ETD up to November 2019, there is a possibility that TTVs of XO-6b can be periodic as well, which means that they can be also due to a third object in the system. As a first step to investigate the possi- bility of the existence of a third object in the system of XO-6, we constructed an own O-C diagram. We used 15 transits in total: besides our 8 individual transits, we adopted 7 transit observations from the ETD. The main criteria for transit selection from the ETD were (1) the clear indication of the used time-stamp of observations as JD, or HJD, and (2) the quality of the photometric measurement. Every JD, or HJD time-stamp was then converted to the BJD TDB , using the on-line applets UTC2BJD 11 , or HJD2BJD 12 , respectively. During the next step, the linear trend, due to the second-order extinction, was removed from the ETD transit light curves and, finally, the outlier data points were removed. We used a 3σ clipping (where σ is the standard deviation of the light curve), as in the case of our photometric data (See Sect. 2.1). The resulting ETD light curves were used in the next analysis.
As a next step we calculated the "C" ("Calculated") times of the mid-transits. This is the first element to construct the O-C diagram. We used the linear ephemeris formula as T 0 = T c + P orb × E = 2 456 652.706(2) + 3.765009(4) × E, (1) were T 0 corresponds to the "C" value, and E is the epoch of observation, i.e. the number of the orbital cycle from T c . From Table 5 we used the improved parameter values for T c and P orb to calculate T 0 values. To determine the "O" ("Observed") times of the mid-transits, we individually fitted every transit event using the RMF code, but during this fitting procedure we fixed every parameter to its best value (See Table 5 , column "This work"), and we freely adjusted only the mid-transit time parameter, i.e. the calculated "C" value of the selected transit event. The best-fit value of this parameter is the wanted "O" value. In such a way we could construct our own O-C diagram. Uncertainties of individual O-C values are propagated from uncertainties in the parameters T c and P orb (See Eq. 1), and from uncertainties of "O" values. The final O-C dataset is summarized in Table 6 and Table 6 . Log of O-C data used in our analysis. O-C values with their ±1σ uncertainties are sorted by the epoch. The O-C values marked with a * were calculated based on the adopted ETD transits.
Epoch
299.0 −0.000800 * 0.001100 312.0 −0.002700 0.000300 329.0 −0.002100 0.001500 333.0 −0.003300 0.000700 346.0 −0.009000 0.001700 388.0 −0.004600 * 0.000800 393.0 −0.003557 * 0.000019 401.0 +0.000400 * 0.000400 414.0 +0.008800 0.001400 448.0 −0.006000 0.001700 465.0 −0.005700 0.000600 478.0 −0.009400 * 0.000190 495.0 −0.009620 * 0.000080 503.0 −0.005700 * 0.000400 508.0 +0.000700 0.000400 the corresponding O-C diagram is plotted in Fig. 5 . This diagram confirms the TTVs, presented in the ETD, moreover, it seems to be periodic, as well, which indicates the presence of an additional object in the system. There are two plausible explanations of such TTVs. (1) A third object in the system causing light-time effect (LiTE). The parent star -transiting planet subsystem moves around the common barycentre of a wider triple system. It produces periodic variations in the observed transit times with respect to the linear ephemeris of this system with a period corresponding to the period of the third object (Irwin 1952) . (2) Another plausible explanation of periodic TTVs could be resonant perturbations between the transiting planet and another unknown low-mass planet in the system. Resonant interactions, mainly mean-motion resonances 1:2 and 2:3, are frequent among exoplanetary systems (Wang & Ji 2014) . To investigate, which explanation is more realistic, we first fitted the O-C values using the OCFit code (Gajdoš & Parimucha 2019) . It is a relatively new software, but it was already used in Gajdoš et al. (2017 Gajdoš et al. ( , 2019a with success. The package uses Genetic Algorithms (GA) and Markov Chain Monte Carlo (MCMC) methods. Unlike many others fitting routines, this routine does not need any starting values of fitted parameters, only starting intervals. These intervals can be quite large. Fitting using the software is simple thanks to a very intuitive graphic user interface. Currently, 9 most common models of periodic O-C changes are included in this software. From these offered models we used the LiTE model, which is based on the light-time effect.
As first, we used the GA method to calculate the initial parameter values. These values together with the estimation of their uncertainties were finalized using the MCMC method. To get final parameter values we used 10 6 iteration steps. The OCFit best-fit parameters are summarized in Table 7 and the O-C diagram, overplotted with the bestfit LiTE model is shown in Fig. 5 .This solution assumes a third object in the system, which causes mid-transit timeshifts in XO-6b transits of about ±14 min around the zero Table 7 . An overview of OCFit best-fit parameters of the assumed third object in the system XO-6, obtained from the LiTE model. For more details see the text in Sect. 4.
Parameters
LiTE model
2.03(6) e 3 0.85(2) value. This is the semi-amplitude K 3 , and it is clearly seen in the O-C diagram. The orbital period of the predicted third object (P orb3 ) is about 450 days. In Fig. 5 , we can see that the LiTE model fits the observations relatively well, the χ 2 , or the χ 2 red value, which is the goodness-of-fit parameter, is about 400 and 40, respectively. On the other hand, the model requires quite eccentric orbit for the assumed third object (e ≈ 0.8, with the pericenter longitude of ω 3 ≈ 53 deg). The model predicts the third object with a stellar mass. Since the orbit inclination of this object i 3 is unknown, using the LiTE model we can calculate only its mass-function f (M 3 ) as
where M 3 is the true mass of the third object, a is the semimajor axis of the orbit of XO-6, and M is the total mass of the system. Finally, the program also calculates the time of pericenter passage of the predicted third object T(0) 3 , which is 2 458 184(2) [BJD] . Since the LiTE model predicts a third object with a stellar mass, we should observe large amplitude variations of observed RV measurements of XO-6, which we can calculate as
where K RV3 is the semi-amplitude of the RV motion of the parent star XO-6, induced by the predicted third object in the system. Using the corresponding parameter values derived from the LiTE model (See Table 7) we can obtain the RV semi-amplitude of about 92 km s −1 . Now, we can analyze the RVs from the viewpoint of the assumed third object. Previously, we shifted systemic radial velocities γ to zero km s −1 (See Sect. 3.2). In this way we could combine our and the RV values adopted from Crouzet et al. (2017) . This step was necessary, because we found that RV measurements, published by C17, had an offset in comparison with our RV values. The RV offset is about 2.5 km s −1 as it is clearly seen in Fig. 6 (left panel) . Although this offset is too small in comparison with the prediction, theoretically, it can be related to the assumed third object in the system. To confirm or reject this relation, we tried to find a joint solution of RV measurements and O-C observations using the code RMF. All attempts to fit both datasets simultaneously failed to provide a consistent solution, which means that very probably there is no relation between the observed RV offset and TTVs. There is no RV signal from the predicted third object, as we can see in Fig. 6 (right panel) . All RVs are distributed close to the value of −5 km s −1 . Although there are some longer gaps in RV observations, as well as relatively low number of these observations, we should observe the RV motion of XO-6, induced by the third (stellar) object in the system, in different phases, therefore we should obtain RV values from much larger interval, which is not the case. This means that the first explanation, i.e. a third object in the system causing LiTE seems to be unlikely. This theory is supported by the fact that no indication of another star is seen in the spectra, as it was reported also by Crouzet et al. (2017) . Therefore, the second explanation seems to be more realistic: resonant perturbations between the transiting planet XO-6b and another unknown low-mass planet in this system.
CONCLUSIONS
We used the telescopes at AI SAS for follow-up observations of the newly discovered transiting exoplanet XO-6b. We started our multicolor photometric and RV observations shortly after the discovery paper was published by Crouzet et al. (2017) . Our main scientific goals were to better characterize the planetary system and to search for TTVs. During two years of observations, between March 2017 and March 2019, we obtained 8 photometric transit measurements in B, V, R, and I passbands, and 7 RV measurements with our instruments. Unfortunately, we had to discard several measurements due to the low data quality. As first, we analyzed the observed transits per passband, using the JKTEBOP code. During the next step, we analyzed all observed transits and RV measurements simultaneously with the code RMF. Besides our 7 RV measurements, we adopted 13 RV values from C17, which were obtained Figure 6 . The RV values used in our analysis. The red points represent the 13 RV measurements adopted from Crouzet et al. (2017) , while the green points are our 7 RV values. The RV measurements were fitted with a linear function to better visualize the offset between the two datasets (left panel). The RV measurements are compared with the spectroscopic orbit of the assumed third object in the system XO-6, computed from the LiTE model using the RMF code (right panel).
outside the transit, to better cover the orbital phase with observations. During the second part of our work we investigated the timings of XO-6b transits. As first, we constructed an own O-C diagram of XO-6b transits. We used our 8 transit measurements, and 7 observations were taken from the ETD to increase the number of data points in the diagram. Subsequently, we analyzed the resulting O-C diagram using the LiTE model, included in the OCFit code. Finally, we tried to find a joint solution of RV measurements and O-C observations using the code RMF.
Based on our results we can conclude that the system is quite interesting. Previously, C17 found that the planet XO-6b orbits a relatively bright (V ≈ 10.2 mag), hot (T eff ≈ 6720 K), and fast rotating (v sin i ≈ 48 km s −1 ) parent star XO-6 on a prograde and misaligned orbit (λ ≈ −20 deg). Only a few similar exoplanets are known. We refined several planetary and orbital parameters. Based on analysis of transits per passband, we found that our best-fit planet-to-star radius ratio parameter values, R p /R s = 0.124(2) and R p /R s = 0.123(2), differ more than 3σ in comparison with the values presented by C17, R p /R s = 0.1153(19) and R p /R s = 0.1114(17), in R and I passbands, respectively. Based on simultaneous analysis of all observed transits and RV measurements, we found the planet-to-star radius ratio parameter values in good agreement within 3σ, but we derived this parameter with better accuracy (R p /R s = 0.1224(16)) than it was presented in the discovery paper (R p /R s = 0.110(6)). The difference in this case is only about 2σ, which is about 10%, and if we take R s = 1.86 R ⊙ as a radius of the parent star XO-6, we can get the radius of the planet of R p = 0.227(2) R ⊙ instead of R p = 0.204(11) R ⊙ . Furthermore, we found a more than 3σ discrepancy in the orbit inclination angle parameter values. In all passbands we obtained smaller values of i than C17. Based on simultaneous analysis of all observed transits and RV measurements, we found the orbit inclination angle of i = 84.1(2) deg, while Crouzet et al. (2017) obtained i = 86.0(2) deg, which is about 9.5σ difference. We can conclude that based on our data, the orbit inclination angle of the planet XO-6b seems to be smaller than it was determined originally by C17. In addition, we tested the possibility of a long-term change in the orbit inclination angle by splitting our observations in R passband into 2 parts, but we found that there is no long-term change in this parameter, or it needs more precise photometric data, or it appears on a longer time scale only (more than 2 years). Another possibility is a degeneracy between the parameters R p /R s and i. Another more than 3σ disagreement is in the mid-transit time parameter values. This can be due to the TTVs, and the derived orbital period of the planet can be also influenced by this effect. During this analysis we found no evidence for long-term TDVs.
Finally, we found that the system XO-6 shows TTVs. These variations seems to be periodic with the period of about 450 days, therefore, at the beginning of our analysis we proposed two plausible explanations of such TTVs:
(1) a third object in the system causing LiTE, or (2) resonant perturbations between the transiting planet and another unknown low-mass planet in the system. From the O-C diagram we derived that the assumed third object in the system should have a stellar mass, therefore significant variations are expected in the RV measurements of XO-6. We found that RV measurements published by C17 are shifted in comparison with our RV values. The RV offset is about 2.5 km s −1 . On the other hand, this offset is too small in comparison with the RV semi-amplitude of about 92 km s −1 , corresponding to the LiTE model. Moreover, all attempts to fit RVs and O-C data simultaneously failed to provide a consistent solution. This means that the first explanation of the observed TTVs seems to be unlikely and that more realistic is the second explanation.
In the near future we would like to perform numerical simulations to study mean-motion resonances with XO-6b and to identify stable regions, where the additional planet could exist for a long time. Recently, the system Kepler-410A was studied in a similar manner by Gajdoš et al. (2019a) , and a small unknown planet with a mass of 1.5 M Mars was proposed as a perturber object, which causes the observed TTVs in this system. In the near future, we also plan a highprecision RV campaign, which will be needed to measure the mass of the planet XO-6b with greater confidence. Our RV measurements are not sufficiently precise to derive this parameter. This is mainly due to the fast rotating parent star, which complicates RV measurements.
